In this study, the cerebral hemisphere content of calcium as well as selected parameters of oxidative metabolism and electro physiological function were as sessed in normoglycemic and hyperglycemic rats that were exposed to ischemia produced by electrocautery of the vertebral arteries and reversible occlusion of the ca rotid arteries. In hyperglycemic animals, 0.5 h of isch emia was associated with large accumulations of lactate (27 mmol!kg), whereas normoglycemic animals showed lesser lactate accumulation (17 mmollkg). At this sam pling time (0.5 h of ischemia), both groups of ischemic animals showed tissue calcium contents that were un changed from preischemic control levels. In normoglyce mic animals, release of the carotid clamps and recircula tion for 1.5-24 h was associated with normalization of
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to date have included denaturation of proteins and nucleic acids by low pH (Kalimo et aI., 1981) , se lective accumulation of lactic acid by astrocytes with subsequent lethal damage to the astrocytes (Kraig and Nicholson, 1987) , enhanced iron dependent free radical formation (Pulsinelli et aI., 1985) , and damage to the endothelial cell with sec ondary vascular insufficiency (Petito et aI., 1987) .
Since a number of studies have indicated that ex cessive tissue calcium is cytotoxic (Schanne et aI., 1979; Haas, 1981) and that net increases in brain calcium content can be correlated to the occurrence of ischemic neuronal damage (Deshpande et aI., 1987; Martins et aI. , 1988 ; see also Hossmann et aI. , 1983; Dienel, 1984) , a possible mechanism by which excessive lactic acid could enhance ischemic tissue damage could be via an increased accumulation of calcium. The objective of the present study was to determine the effects of various levels of lactic ac idosis on ischemic and postischemic cerebral cal cium content. In order to more fully correlate the interrelationship of lactic acid, calcium, and isch emic damage, the study included a simultaneous as-sessment of clinical status, electroencephalogram (EEG) activity, and metabolites associated with ox idative metabolism.
METHODS AND MATERIALS

Animal preparation and experimental exposures
The experiments were performed on fasted male rats of the Wi star strain (275-325 g) in which cerebral hemi spheric ischemia was produced by bilateral occlusion of the carotid and vertebral arteries (Pulsinelli and Brierley, 1979) . On the day before experimental use, the animals were anesthetized with ether and the vertebral arteries were cauterized by passing an electrocautery needle into the alae foraminae of the first cervical vertebra. Silk su ture threads (5-0) were placed around the common carotid arteries and the ends were threaded through short lengths of exteriorized PE-50 tubing to form a snare. On the fol lowing day, animals were injected intraperitoneally with either 2 ml of 0.9% saline or 50% glucose-water. Fifteen minutes later, cerebral ischemia was produced by tight ening the carotid snares. Brain sampling was carried out at the end of 0.5 h of ischemia or 0.5 h of ischemia fol lowed by 1.5, 3, 6, and 24 h of recirculation.
In order to facilitate brain sampling, animals were im mobilized and surgically prepared just prior to the indi cated exposure or recovery time. This entailed brief an esthesia with 2% halothane, paralysis with tubocurarine chloride (1.5 mg/kg), tracheotomy, and ventilation with 30% 02-70%N20 on a respirator. A femoral artery was cannulated for blood pressure recording and anaerobic sampling of blood. Blood clotting in the catheter was pre vented by giving heparin (100 IU). Body temperature was adjusted to near 37°C with external heating and the EEG was recorded from subcutaneous needle electrodes placed over the frontal-parietal areas (Mingograf 8 re corder, Elema-Schonander, Solna, Sweden). The brain was frozen in situ by pouring liquid nitrogen into a plastic funnel fitted to the skull (Ponten et aI., 1973) , and then removed and stored in a liquid nitrogen freezer until as say.
Controls consisted of saline-or glucose-injected rats in which carotid occlusion was not performed.
Analytical methods
Arterial PO z , Pco z , and pH were measured with direct reading electrodes (Eschweiler, Kiei and Radiometer, Copenhagen, Denmark) operated at 37°C and the values were corrected for variations in body temperature.
For the determination of tissue calcium, about 0.4 g of cerebral hemisphere was homogenized in 2.5 ml of 10% trichloroacetic acid that was followed by 15 min of incu bation of the homogenate in a 70°C water bath. The ho mogenate was centrifuged at 10,000 rpm for 15 min and the clear supernatant was diluted 1:4 in 0.1 % lanthanum chloride in O.IN HCI prior to the determination of cal cium in an atomic absorption spectrophotometer (Perkin Elmer Model 303).
Brain samples for metabolite assay were prepared in a refrigerated glove box maintained at -22°C. About 0.2 g of cerebral hemisphere was dissected, weighed, and ho mogenized in methanol-HCI and then extracted with 0.3N perchloric acid at O°C (Folbergrova et aI., 1972) . The perchloric acid extracts were centrifuged and the neutral ized supernatants were assayed for ATP, phosphocre-atine, glucose, and lactate by the enzymatic fluorometric methods of Lowry and Passonneau (1972) . Blood samples were processed as above and analyzed for glucose.
Materials
The substrates, coenzymes, and reagents for fluoro metric assay were obtained from Sigma Chemical (St. Louis, MO, U.S.A.). Enzymes were obtained from Boehringer Mannheim (Montreal, Canada) and lantha num chloride from BDH Chemicals (Poole, U.K.).
Calculations
Analytical runs were performed on lots of up to 12 brains, which consisted of a random mix of the various groups. Statistical analysis of comparisons between groups was carried out by the Student's t test and multi ple comparisons against a single group were made by use of Dunnett's method.
RESULTS
Physiological parameters, clinical EEG effects, and blood glucose concentrations
The criterion for cerebral ischemia and thus ani mal inclusion in this study was the total abolition of EEG activity during the 0.5 h period of bilateral carotid artery occlusion. Approximately 65% of an imals met this requirement (65% of saline and 70% of glucose animals); the rest were eliminated from further study on the basis of residual or intermittent EEG activity (27% of saline and 28% of glucose animals) or acute cardiorespiratory failure (8% of saline and 2% of glucose animals). During recircu lation, 6% of saline and 15% of glucose animals died from a clinical syndrome characterized either by unresponsiveness or recurrent generalized motor seizures. Seizures were significantly more common in recirculated glucose animals, with 33% of glucose survivors showing seizures compared to 3% of sa line animals. The EEG of saline animals showed a return of slow wave activity in 80% of animals by 1.5 h of recirculation and of a slow wave-low volt age pattern in all animals by 3 h of recirculation. At 24 h, all saline animals had an EEG pattern that was visually similar to the preischemic pattern. In glu cose-treated rats, the EEG remained isoelectric in all animals at 1.5 and 3 h and in 60% of animals at 6 h of recirculation. At 24 h, 60% of glucose animals had persistent EEG abnormalities characterized by slow wave-low voltage recordings ( Fig. O . Table 1 gives the values for arterial glucose, blood gases, pH, and mean arterial blood pressure in the experimental groups at the time of brain freezing. The only significant difference between the saline and glucose rats was that preischemic, ischemic, and 1.5 and 3 h postischemic blood glu cose levels were significantly increased in the glu cose group; otherwise, both groups showed well maintained and equivalent values for Po2, Pc02,
Representative EEG recordings from rates receiving either 2 ml of 0.5% saline or 50% glucose followed by 0.5 h of global ischemia and up to 24 h of recirculation recovery.
pH, and blood pressure. In all animals, body tem perature was maintained between the limits of 36.2-37.2°C.
Cerebral energy state and calcium
Glucose-injected rats showed preischemic cere bral glucose contents that were 2.5 times higher than those of the saline-injected group (p < 0.05), whereas the contents of lactate, A TP, and phos phocreatine were statistically equivalent (Table 2) . At 0.5 h of ischemia, the glucose group showed lac tate accumulations that were about 10 mmollkg larger than those of the saline group (27 vs. 18 mmol/kg; p < 0.05); all other measured metabolites were equivalent. Over the 24 h recirculation period, saline-injected rats showed a near total restitution of lactate and energy metabolites to control levels, whereas glucose-injected rats showed a continuing lactic acidosis that was correlated with a defect in tissue ATP and phosphocreatine contents. Despite these marked differences in lactate accumulation and restitution of energy metabolism, the cerebral calcium contents of the saline and glucose groups were not significantly different or altered from their respective preischemic control values at any of the sampling times over the 24 h recovery period (Ta ble 2).
DISCUSSION
The biochemical and pathological responses of rat brain to glucose loading plus ischemia are well documented. Thus, during 0.5 h of ischemia, glu cose-loaded rats show cerebral lactate accumula tions that exceed 25 mmol/kg and during recircula tion these animals show a continuing excessive lac tic acidosis plus evidence of failure to fully resynthesize the critical energy metabolites ATP and phosphocreatine . His tological examination of these animals shows a marked clumping of nuclear chromatin, nuclear rar efaction, and mitochondrial swelling that is well es tablished at 5 min of recirculation and that progresses to tissue edema, occlusion of the capil- Results are means ± SEM in mmol/kg. Number of animals as in Table I . " p < 0.05, glucose vs. respective saline-injected group.
lary circulation, and continuing evidence of ultra structural damage at 1.5-24 h of recirculation (Kal imo et aI., 1981; Pulsinelli et aI., 1982) . These bio chemical and pathological indicators of grave cerebral damage were confirmed by failure of these animals to recover EEG activity or somatosensory evoked potentials (Rehncrona et aI., 1981) . The present series of glucose-injected ischemic rats corresponded closely to the above studies. Thus, during ischemia, animals showed cerebral lactate levels of 25-30 mmollkg and, during a recir culation of up to 24 h, a persistent lactic acidosis and reduced levels of ATP and phosphocreatine. In addition, their clinical behavior with gross EEG ab normalities, seizures, and a relatively high mortality rate all confirmed the presence of a severe degree of ischemic damage. Despite this evidence of damage, the tissue calcium contents measured over a 24 h period were not altered from preischemic levels or from values obtained in a saline-injected ischemic series. These results suggest that a large accumula tion of calcium in brain is not an early feature of normo-or hyperglycemic cerebral ischemia, and thus indicates a basic difference from the observa tions on ischemic cardiac muscle were large in creases in tissue calcium content are a regular and early event of the reperfusion period (Shen and Jen nings, 1972) .
These observations are in basic agreement with earlier studies that have shown that the net calcium content of globally ischemic normoglycemic rat brain does not show an increase during the first 24 h of recirculation (Dienel, 1984; Deshpande et aI., 1987; Martins et al., 1988) . The data further indicate that glucose loading, with hyperlactic acidosis, does not augment or alter the calcium content profile of the ischemic brain over the initial 24 h period of recirculation. Since the pathological and clinical damage in the hyperglycemic model is well estab lished and global by this duration of recirculation (Kalimo et aI., 1981; Pulsinelli et aI., 1982) , the re sults seem to indicate that significant accumulation of calcium is not a major event associated with this early tissue damage.
It is well documented that postischemic calcium accumulation can be heterogeneous in its cellular and subcellular distribution. Thus, in studies in which 45 Ca had been administered to rats after 0.5 h of normoglycemic global ischemia, the 45 Ca showed a localization to the ischemia-vulnerable CAl and paramedian regions of the hippocampus and to the caudate-putamen (Dienel, 1984) . In addition, the study of Martins et ai. (1988) , which used a thresh old ischemic damage model, suggested a temporal correlation of increased net calcium content of CAl hippocampal neurons to the onset of histological damage to these neurons, whereas the nearby CA3 neurons showed no increase in calcium content and no pathological changes. Since global ischemia and hyperglycemia-hyperlactic acidosis is associated with damage to all cell types of the cerebral hemi sphere (i.e., neurons, astrocytes, and oligodendro cytes), which is different from the above selective neuronal damage models (Kalimo et aI., 1981; Pulsinelli et aI., 1982) , inhomogeneity at the tissue level is not believed to be a factor affecting the va-lidity of the present calcium measurements. In ad dition, the relatively large tissue sample used for calcium measurement contained areas of cerebral cortex, hippocampus, white matter, and caudate putamen and thus would seem to avoid systematic sampling error based on cellular inhomogeneity.
The possibility of inhomogeneity of calcium dis tribution at the subcellular level is difficult to ana lyze in terms of total tissue measurements. Thus, although it is well documented that extracellular calcium enters the intracellular space during acute ischemia (Harris et aI., 1981) and that neuronal mi tochondria can show evidence of calcium overload during the first 0.5 h of recirculation from global ischemia (Simon et aI., 1984) , it is equally well doc umented that the extracellular calcium content of globally ischemic, normoglycemic (Andine et aI., 1988) and hyperglycemic (Siemkowicz and Hansen, 1981) rats shows a normalization and maintenance at preis chemic control levels at 0.5 to 6-8 h of re circulation. It therefore seems logical to conclude that if the total tissue and extracellular calcium con tents are unchanged from control at these recircu lation times, the intracellular calcium content can not be too far removed from the control value also. This conclusion seems to be confirmed by the find ing of Simon et ai. (1984) that evidence of mitochon drial calcium overload was absent at 2 h of recircu lation after global ischemia, an observation that in dicated a reversal of the earlier intracellular calcium accumulation. On the basis of the above data, it can be suggested that significant accumulation of cal cium is not an early event in the course of ischemic hyperglycemic brain damage and thus does not pro vide support for a role of calcium in the production of this form of ischemic damage.
Reducing the pH of perfusate from 7. 4 to 6.6-6.7 has been shown to cause a 50% inhibition of 47 Ca 2 + uptake by myocardium (Poole-Wilson, 1978) . Since pH values of this magnitude and lower are encoun tered in both normo-and hyperglycemic ischemic brain (Ljunggren et aI., 1974a (Ljunggren et aI., ,1974b , this may be a partial explanation for the absence of early calcium accumulation in the postischemic brain. It is also of interest to note that one theory of calcium-induced cell damage suggests that calcium leads to a sudden accumulation of H + in the cell that leads to the cell damage (Grinwald and Nayler, 1981) , a suggestion that indicates that primary excesses of either H + or calcium can lead to a similar cell-damaging se quence.
